, can also
These studies identify Beclin1 as an important regulator induce autophagy. Furthermore, dying lurcher Purof autophagy in mammalian cells and suggest it as a kinje cells contain morphological hallmarks of autophpotential link between autophagy and apoptosis. agic death in vivo. These results provide strong eviTo identify pathways that contribute to neurodegenerdence that a direct link exists between GluR␦2
Lc ation in vivo, we have pursued genetic and biochemical receptor and stimulation of the autophagic pathway studies of the lurcher mutant mouse (Phillips, 1960) . in dying lurcher Purkinje cells.
Heterozygous lurcher mice are ataxic due to degeneration of the cerebellar cortex during the first 4 postnatal Introduction weeks (Phillips, 1960; Caddy and Biscoe, 1975; Wilson, 1975) . Constitutive activation of the GluR␦2 Lc causes an Over the past decade, the identification of mutations inward current and subsequent death of Purkinje cells causing neurodegeneration in humans and in model systhat is cell autonomous (Wetts and Herrup, 1982) and tems, and the dissection of molecular pathways that analogous to glutamate-mediated toxicity in vivo and in can contribute to developmental or pathologic cell death vitro (Zuo et ). These studies have provided a paradigm for the consideration of ionotropic glutamate receptors development, we analyzed the expression of both proteins during postnatal development. Western blot analyas multifunction proteins that are used in cells as ion channels that contribute to their electrical properties, sis of these proteins in total cerebellar extracts reproduced the observation that GluR␦2 expression is and as cell surface receptors that organize signal transduction events within specific neuronal microdomains increased as the cerebellum matures (Takayama et al., 1995) , and demonstrated that there is also an increase in and control plasticity.
To gain insight into signaling pathways that may be nPIST expression during postnatal development ( Figure  1C ). Since GluR␦2 has been localized to the postsynapassociated with the GluR␦2 receptor and whose constitutive activation might contribute to Purkinje cell death tic density (PSD) of Purkinje cell:parallel fiber synapses (Takayama et al., 1995; Landsend et al., 1997), we were in lurcher mice, we have screened for proteins that can specifically interact with the C terminus of GluR␦2. We next interested in determining whether nPIST might also be present at the PSD. nPIST cofractionated with GluR␦2 report here that GluR␦2 is linked to the process of autophagy through novel protein-protein interactions inin cerebellar extracts and was enriched in both the synaptosomal and PSD fractions prepared from these exvolving a novel isoform of PIST (Neudauer et al., 2001) and Beclin1 (Liang et al., 1998) and that these proteins tracts ( Figure 1D , 1999) . To determine whether the GluR␦2/nPIST interaction was that each isolate encoded a complete PDZ domain, suggesting that this domain might be involved in the interacsimilar, additional experiments to address the specificity and domain requirements for the GluR␦2/nPIST intertion with GluR␦2. During the course of these studies, a protein (PIST) highly homologous to the protein that we action were performed. As shown in Figure 2B , yeast two-hybrid studies established that nPIST can strongly had isolated was discovered to interact with the GTPase TC10 (Neudauer et al., 2001 ). Comparison of our seinteract with both GluR␦2 and its close relative GluR␦1 (Yamazaki et al., 1992; Lomeli et al., 1993). These interacquence data with the published sequence of PIST indicated that the cDNAs we were studying encoded an tions were either reduced or abolished if the final three amino acids of these receptors were deleted. No interacadditional eight amino acids at the beginning of the second coiled-coil domain ( Figure 1A ). To determine tion was observed with the C terminus of GluR2, an AMPA receptor also present at the Purkinje cell:parallel whether this isoform of PIST was differentially expressed, we performed RT-PCR assays to test for alterfiber synapse (Hampson et al., 1992). The fact that all nPIST clones obtained in the yeast native mRNAs in a variety of tissues. As shown in Figure  1B , the PIST mRNA encoding the additional eight amino two-hybrid screens contained an intact PDZ domain, taken together with studies demonstrating that PDZ doacids (nPIST) is highly enriched in whole brain and cerebellar mRNA. It contains three easily recognizable strucmains can directly bind to the C terminus of cell surface receptors, strongly suggested that the nPIST PDZ dotural domains: two coiled-coil domains between amino acids 78 and 131, and 144 and 210, and a PDZ domain main would be required for interaction with GluR␦2. However, the interaction of PIST with the TC10 GTPase between amino acids 288 and 371. The properties of nPIST and our evidence concerning its mode of binding to GluR␦2 strongly suggested that green fluorescent protein (GFP) fused at the N terminus so that both coimmunoprecipitation and double immuit might serve as an adaptor protein to organize signal transduction events in response to GluR␦2 activation. nofluorescence colocalization studies could be performed. The GluR␦2 construct used for this analysis Given the high degree of conservation of coiled-coil domains between mouse nPIST and that of C. elegans, encoded the full-length GluR␦2 protein with a FLAG epitope fused to its mature amino terminus. As shown in it seemed likely that these domains in nPIST could provide a scaffold for the assembly of other molecules that Figure 2D , each of the GFP/nPIST fusion constructs containing an intact PDZ domain (GFPnPIST, GFP might play an important role in signaling through the GluR␦2 receptor. To address this issue, a second yeast nPIST⌬C, and GFPnPIST⌬CC) was able to coimmunoprecipitate GluR␦2. In contrast, in cells expressing GFP two-hybrid screen was performed using the nPIST coiled-coil domains (residues 34-231; Figure 1A ). In this or the GFP/nPIST fusion in which the PDZ domain had been deleted (GFPnPIST⌬PDZ), precipitation with GFP screen, two independent isolates of the recently identified protein Beclin1 were obtained as strongly interantibodies was not able to bring down GluR␦2. To confirm these results, colocalization of the GFP/nPIST derivacting partners for nPIST (residues 160-327, residues 201-372; Figure 4A ). This was of great interest because atives and GluR␦2 was assayed by direct visualization of the GFP/nPIST fusions and immunofluorescence Beclin1 was originally identified as a protein that might play a role in apoptosis through interaction with the BH1 detection of the FLAG-tagged GluR␦2. As shown in Figure 3 , the colocalization results for GFPnPIST, GFP domain of the Bcl-2 family proteins (Liang et al., 1998) and because it is the mammalian ortholog of the yeast nPIST⌬C, and GFPnPIST⌬PDZ confirmed the results of the coimmunoprecipitation assays; GFPnPIST and Apg6/Vps30 gene, which plays an important role in autophagy (Kametaka et al., 1998). GFPnPIST⌬C colocalized with GluR␦2, whereas GFP nPIST⌬PDZ did not. An unexpected result was obtained To confirm the interaction between nPIST and Beclin1 revealed in the yeast two-hybrid screen, several assays in the GFPnPIST⌬CC experiments. In this case, colocalization with GluR␦2 was observed in the cytoplasm of were employed. First, GST pull-down assays were performed using GST-nPIST fusions containing the coiledcotransfected cells, but a large proportion of the GFPnPIST⌬CC protein in these cells was present in the coil domain (residues 34-232) and myc-tagged Beclin1 (Beclin1-myc) from in vitro translation reactions. As nucleus and did not colocalize with GluR␦2, indicating that sequences required for proper partitioning of nPIST shown in Figure 4B , beads carrying GST-nPIST were able to precipitate Beclin1-myc from the extract, between the nucleus and cytoplasm are present near or within the coiled-coil domain of nPIST. Taken towhereas control GST beads were not able to bring down Beclin1-myc from the in vitro translation mixture. Coimgether, our results demonstrate that the GluR␦2/nPIST munoprecipitation assays were also done to test the interaction of Beclin1-myc with a full-length nPIST FLAG epitope tagged at the N terminus (FLAGnPIST). Constructs expressing these proteins were cotransfected into HEK 293T cells in the appropriate combinations to test for this interaction. Anti-FLAG immunoaffinity beads were then used to precipitate FLAGnPIST, and the precipitates were assayed for coimmunoprecipitation of Beclin1-myc by Western blot using polyclonal antibodies raised against Beclin1 ( Figure 4C ). Beclin1 coprecipitated with FLAGnPIST in extracts expressing both proteins, whereas no Beclin1 was precipitated by the FLAG antisera from extracts prepared from cells expressing Beclin1 alone. These data demonstrate that FLAGnPIST and Beclin1-myc can form a complex in mammalian cells. Colocalization experiments were also done using direct fluorescence detection of GFPnPIST and immunofluorescence detection of Beclin1-myc by anti-myc antibodies staining ( Figure 4D ). GFPnPIST and Beclin1-myc colocalized in the transfected cells in the perinuclear area, consistent with reports that Beclin1 is present in the trans-Golgi network (Kihara et al., 2001). Since only the coiled-coil domain of nPIST was used in the yeast two-hybrid and pull-down assays, and since the two Beclin1 clones recovered from the two-hybrid assays both contained the Beclin1coiled-coil domains, we believe this interaction occurs by heterodimerization between the coiled-coil domains of these proteins.
Since both PIST and Beclin1 are widely expressed, we were next interested in their localization within the cerebellum and whether GluR␦2/nPIST/Beclin1 complexes exist in vivo. Polyclonal antibodies against nPIST and monoclonal Beclin1 antibodies were prepared, and they were checked for specificity using Western blots and immunofluorescence assays (see supplemental figures S1 and S2 online at http://www.neuron.org/cgi/ content/full/35/5/921/DC1). As shown in Figure 4E , both nPIST and Beclin1 were present in cerebellar Purkinje cells, with significant labeling in both the cell bodies and dendrites (left panel). To directly address whether both nPIST and Beclin1 are present in a complex with GluR␦2 in vivo, immunoprecipitation assays were done using antibodies directed against GluR␦2 to isolate complexes containing the receptor and associated proteins head, Figure 5D ). In some cases, rearrangement of membrane structure during the process of autophagosome Beclin1 has also been shown to be present in a complex with phosphatidylinositol 3-kinase in the trans-Golgi formation was also observed and was positively stained by HRP (arrows, Figure 5E ). These results establish that network, where they may act together to control autophagy (Kihara et al., 2001). Given these activities of Beclin1, visualization of Beclin1-GFP fusion protein by fluorescence microscopy can be used as a simple and rapid we were next interested in whether its role in autophagy could be modulated by nPIST. To establish a rapid assay assay for the activation of autophagy in mammalian cells. for the activation of autophagy, we prepared a Beclin1-GFP fusion and used it to visualize autophagy in nutriIt has been reported that Beclin1 can promote autophagy in yeast and in MCF7 breast epithelial cells (Liang ent-deprived cultured cells. As shown in Figure 5A of cotransfected cells ( Figure 6B ). However, interaction of these proteins with GluR␦2 suggested to us that nPIST ( Figures 5C and 5D) . HRP-positive vacuoles wrapped , 2000b) . These studies suggested that Purdeath. Based on these results, the authors suggest that autophagy and apoptosis are often activated by similar kinje cell death in lurcher mice must involve pathways that are Bax independent. The data presented here stimuli in neurons and that these pathways can be considered alternative mechanisms of death execution. Alstrongly support the hypothesis that autophagy is the Bax-independent pathway for lurcher Purkinje cell death though no evidence to address this point has been presented in this study, reports that Beclin1 can also that has been implicated from the genetic studies. ). Given our demtriplet repeat disorders, it is quite possible that activation of Beclin1 and subsequent autophagic responses might onstration that nPIST can also interact with GluR␦1, which is widely expressed in the CNS, and the expresbe important secondary events that could contribute to pathogenesis. sion of nPIST and Beclin1 at many sites within and outside of the nervous system that do not express GluR␦1
The identification of the GluR␦2/nPIST/Beclin1 complex, and the activation of autophagy by the GluR␦2 and protease inhibitor cocktail. The lysate was clarified by centrifugcoiled-coil domains (residues 34-231) and were used to screen ‫2ف‬ ϫ ing at 14,000 ϫ g for 10 min. The supernatant was incubated with 10 6 clones, yielding two independent clones containing coiled-coil protein A beads cross-linked with either ␣GluR␦2 antibody or puridomains of Beclin1. fied rabbit IgG from control serum according to the protocol "Seize X Protein A immunoprecipitation kit" (Pierce). After four washes, the Constructs beads were eluted with elution buffer provided by the kit plus 0.5% The cDNA encoding mouse nPIST was cloned into pFLAG-CMV SDS and 1 mM DTT. The eluted fractions were resuspended in vector (Eastman Kodak) and was epitope-tagged with FLAG at its reducing sample buffer, boiled, and loaded on SDS-PAGE for immu-N terminus. GFP-fusions of nPIST and its mutants were prepared noblotting analysis. by PCR and subcloned into pEGFP-C1 vector (Clontech). The expression plasmids containing cDNA of GluR␦2 receptor wild-type Immunofluorescence and lurcher mutant were FLAG-tagged at the N terminus immediLocalization of nPIST and Beclin1 on cerebellar sections was carried ately after signal peptide sequence using pFLAG-CMV as vector. out using monoclonal antibody against Beclin1 and affinity-purified The C-terminal domain of GluR␦2 containing transmembrane dopolyclonal antibody against nPIST (see above). P30 C57/Bl6 mice main IV (TM4) and intracellular domain fused with N-terminal FLAG were perfused and then postfixed with 4% paraformadehyde for 1 following GluR␦2 signal peptide sequence was also subcloned into hr. Dissected cerebella were sectioned at 50 m on a freezing stage pFLAG-CMV vector. The cDNA containing mouse Beclin1 was inmicrotome (Leica). Cerebellar slices were first blocked with PBS serted in-frame with myc-epitope tag at C terminus into pcDNA3-containing 0.05% Triton X-100 and 10% goat serum and then incumyc-His vector (Invitrogen). The EGFP/Beclin1 fusion was conbated with purified anti-nPIST antibody or monoclonal antibody structed using pEGFP-N3 (Clontech). N-terminal HA epitope-tagged against Beclin1 at 4ЊC overnight. The slices were washed and incunPIST constructs were prepared by subcloning PCR products into bated with Cy3-conjugated goat anti-rabbit IgG (Jackson) or pVAX1 (Invitrogen). All constructs were confirmed by sequence Alexa488-conjugated goat anti-mouse IgG (Microprobes) for 45 min analysis.
at RT. The sections were washed extensively, mounted, and examined using a Zeiss confocal microscope.
Antibodies
For localization in cultured cells, cultures were grown on poly Antiserum against nPIST was raised from injection of rabbits with D-lysine-coated coverslips to ‫%05ف‬ confluence. Cells were fixed purified His-tagged coiled-coil domains (34-232) of nPIST (Cocalico with 4% paraformadehyde for 10 min at 18-20 hr post transfection. Biologicals). Anti-nPIST antibody was purified using an affinity colPrimary anti-FLAG (M2) (Sigma; dilution 1:1000), anti-myc (Inumn prepared with purified His-tagged coiled-coil domain crossvitrogen; dilution 1:1000), or anti-HA (Invitrogen; dilution 1:500) antilinked to activated Sepharose 4B (Pharmacia). The monoclonal antibodies were used to detect epitope-tagged proteins. Anti-mouse body against Beclin1 was generated by injection of mice (Green or anti-rabbit IgG Cy3-conjugated (Jackson) secondary antibodies Mountain Antibodies, Burlington, VT) with purified His-tagged dowere used at a 1:600 dilution. main (1-163) expressed from pET28c vector. Ascite fluid was purified on a ProA column to a final concentration of 8 mg/ml.
Electron Microscopy
Wild-type and lurcher (P10) mice were intracardially perfused with Cell Culture, Transfection, and Immunoprecipitation HEK 293T cells were maintained in 10% fetal bovine serum con-2.5% glutaradehyde in PBS, and the brains were dissected and postfixed overnight. the hippocampus and cerebellum of the rat using an anti-receptor monoclonal antibody. Neuroscience 50, 11-22.
